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Institut fu¨r Ro¨ntgenphysik, Georg-August-Universita¨t Go¨ttingen, Go¨ttingen, GermanyABSTRACT We have studied the acyl-chain conformation in stalk phases of model membranes by x-ray diffraction from
oriented samples. As an equilibrium lipid phase induced by dehydration, the stalk or rhombohedral phase exhibits lipidic
passages (stalks) between adjacent bilayers, representing a presumed intermediate state in membrane fusion. From the
detailed analysis of the acyl-chain correlation peak, we deduce the structural parameters of the acyl-chain fluid above, at,
and below the transition from the lamellar to rhombohedral state, at the molecular level.INTRODUCTIONMembrane fusion is a central event in many inter- and intra-
cellular transport processes, from exocytosis to intersynap-
tic signal transduction, from viral infection to fertilization.
The fusion process is facilitated by a complex interplay of
lipids, proteins, and water molecules leading to a reorganiza-
tion of the involved lipid membranes. Considerable research
efforts have concentrated on so-called SNARE proteins,
which control the exocytic process of the secretory pathway,
e.g., in fusion of synaptic vesicles releasing the neurotrans-
mitters at the chemical synapse in presynaptic nerve endings
(1–3). A network of proteins has been identified that are
thought to play key roles in the process, leading to a detailed,
mechanistic molecular model of how these proteins function
in membrane fusion (see the review by Jahn et al. (4)).
Compared to the relatively detailed ‘‘job description’’ of
the proteins, and notwithstanding the importance of early
theoretical work and more recent computer simulations of
membrane fusion (5,6), the role of the lipids is to date
comparatively unexplored on the experimental level. A
more quantitative understanding of lipid molecular confor-
mations in phases corresponding to the presumed interme-
diate states of bilayer fusion is needed to complement the
protein-centric view of the fusion process.
On the theoretical side, different structural models and
mechanisms have been proposed to explain the fusion
pathway based on nonlamellar and highly curved lipid
intermediate structures (4,7,8). According to the ‘‘fusion-
through-hemifusion pathway’’ (9–11), two distinct mem-
branes first form a fusion stalk, as shown schematically in
Fig. 1 c (inset), where only the proximal monolayers are
merged and the distal monolayers are still intact. Upon lateral
expansion of the stalk, a hemifusion diaphragm forms, which
subsequently opens to generate a fusion pore and completes
the fusion process. Owing to the spatial and temporal scalesSubmitted December 22, 2011, and accepted for publication March 27,
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logical membranes is, to date, impossible. In protein-free
lipid model membranes, however, Yang and co-workers
(12–14) have been able to resolve stalk structures by x-ray
diffraction. This approach makes use of the discovery that
equilibrium phases, in which stalks are formed between
adjacent bilayers, can be induced by dehydration in a number
of unsaturated lipids such as 1,2-dioleoyl-sn-glycero-3-phos-
phatidylcholine (DOPC). The stalks are positioned on
a three-dimensional lattice in the multilamellar host system,
exhibiting rhombohedral symmetry (space group R3).
When osmotic pressure forces membranes to close oppo-
sition, effectively dehydrating the headgroups, a merger of
the two proximal monolayers is induced. Measuring the
critical osmotic pressure of the fluid lamellar (La)-to-rhom-
bohedral (R) phase transition and the corresponding bilayer
density profile for a number of lipid systems, we have found
that stalks form, as soon as a critical bilayer distance of
9.0 5 0.5 A˚ is reached, as measured from headgroup to
headgroup density maximum (15). X-ray analysis of the R
phase has provided the unit-cell electron-density distribu-
tions and phase diagrams in a number of different phospho-
lipid/phospholipid and phospholipid/cholesterol mixtures
(12–16). Based on the screening of lipid mixtures, a struc-
tural fusion assay is obtained, which can assess the fusioge-
nicity of a particular mixture, by measuring the osmotic
pressure needed to induce the R phase. For example, the
incorporation of cholesterol, a lipid that is known to
promote membrane fusion (17), into model membranes,
leads to a significant shift of the La-to-R phase boundary
toward higher relative humidities (15,16). Recently, another
intermediate phase of tetragonal symmetry (T) was observed
in some systems over a narrow range in between the La
phase and the R phase (18). The electron density of the
unit cell shows a bent bilayer configuration with a point
contact between adjacent bilayers, which was discussed as
a possible transition state preceding the stalk (18).
Whereas all x-ray studies on the R phase have so far
concentrated on the mesoscale structure of stalks, we heredoi: 10.1016/j.bpj.2012.03.069
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FIGURE 1 (a) Sketch of the experimental geom-
etry for grazing-incidence diffraction experiments.
Stacks of oriented lipid bilayers on a solid substrate
were illuminated with x-rays (with an incident
wave vector ki) under a small angle of incidence
ai. The scattered x-rays with wave vector kf
were recorded on a two-dimensional detector at
a distance d behind the sample. (b–d) Diffraction
patterns of DPhPC and sketches of the correspond-
ing lipid arrangements (b) in the La phase (at RH¼
90%), (c) in the R phase (at RH ¼ 75%), and (d) in
theHII phase (at RH¼ 60%). The intense reflection
at ~qk ¼ 1.6 A˚1, qz ¼ 1.2 A˚1 stems from the
silicon substrate. The shown data were taken at
ID 01.
2122 Weinhausen et al.present first x-ray wide angle data, which are analyzed in
view of changes in chain packing and orientation. Up to
now, it has tacitly been assumed that lipids exhibit the
same type of ordering as in the fluid La phase. Indeed, the
experiments reported below confirm that the crystalline
mesostructure is based on fully fluid membranes with the
same class of short-range order that is known from the La
phase. Significant changes are observed in the orientational
distribution function, as expected from the stalk geometry,
accompanied by systematic variations in the parameters of
chain packing, notably the peak position and width of the
acyl-chain correlation peak.
Classic free energy calculations of the stalk structure
based on curvature elasticity yielded an unrealistically
high energetic barrier of fusion via stalk intermediates. To
solve this energy-crisis, extended models were developed
(19–25), taking not only mean but also the Gaussian curva-
ture into account, and allowing for tilt of the acyl-chains
with respect to the membrane normal. It can be expected
that the degrees of freedom in lipid tilt and conformation
will lower the energy by filling the hydrophobic voids
occurring in nonlamellar structures. Correspondingly, it
becomes clear that the particular packing of the acyl-chains
is a relevant factor in fusion. At the same time, it is
a nontrivial task to extend continuum elasticity theories of
bending elasticity to account for the packing on molecular
scales. For structures with a radius of curvature on the
same order of magnitude as the bilayer thickness, the molec-Biophysical Journal 102(9) 2121–2129ular details of packing may become particularly important
(26). A powerful tool to shed more light on this issue is
coarse-grained computer simulation (5,27). Addressing the
pathways of stalk formation, hydrophobic contacts between
two opposing bilayers have been observed in simulations,
e.g., by two splayed lipids appearing before stalk formation
(6). To date, however, experimental data on lipid conforma-
tion in stalks are lacking.
As a first step to fill this gap, and to provide data that can
be compared to computer simulations, this article reports on
x-ray diffraction experiments addressing the short-range
order of the lipid acyl-chains in the La, R, and the inverted
hexagonal (HII) phase. We chose model membranes of the
lipids 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine
(DPhPC), DOPC, and DOPC/cholesterol in a molar ratio
of 80:20, for this study. These systems have been selected
because the R phase was first discovered in DPhPC and
DOPC membranes (12–14).
Grazing-incidence diffraction experiments have been
performed on highly aligned stacks of lipid bilayers depos-
ited on silicon substrates, as sketched in Fig. 1 a, in a
humidity-controlled sample environment. Diffraction pat-
terns covering a large range in momentum transfer qk
parallel and qz perpendicular to the plane of the bilayer,
have been collected at various relative humidity (RH)
values. Fig. 1, b–d, shows examples of diffraction patterns
in the La, R, andHII phase in DPhPC and sketches of the cor-
responding lipid geometries. In the small-angle region of the
Acyl-Chain Correlation in Membrane Fusion Intermediates 2123diffraction patterns, the characteristic diffraction signal
from the lattice arrangement of the lipid bilayers is visible
allowing a precise determination of the lipid phases and
phase boundaries. The wide-angle region at ~q ¼ 1.3 A˚1
shows a broad diffraction signal distributed over a circular
arc, which is attributed to the short-range order in the
acyl-chains and therefore called the acyl-chain correlation
peak (28–30). Whereas previous x-ray diffraction analysis
of the rhombohedral phase focused on reconstruction of
the unit-cell electron-density distribution from the diffrac-
tion pattern in the small-angle region, we here focus on
the acyl-chain correlation peak to study the rearrangement
of the acyl-chains during the phase transition from the La
to the R phase. The intensity distribution in the chain corre-
lation peak was analyzed in terms of the radial distribution
function of the acyl-chains, based on the approach presented
in Spaar and co-worker (28,31).MATERIALS AND METHODS
Sample preparation
The phospholipids 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC)
and 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine (DPhPC) were
purchased as lyophilized powders from Avanti Polar Lipids (Alabaster,
AL). Cholesterol (Chol) was purchased from Sigma (St. Louis, MO). All
components had a purity of >99% and were used without further purifica-
tion. The pure lipids were dissolved in chloroform/(2,2,2)-trifluoroethanol
(1:1 vol/vol) at a concentration of 10 mg/mL and solutions with a desired
phospholipid/Chol ratio were obtained by appropriate mixing of stock
solutions.
Stacks of typically ~103 aligned phospholipid bilayers on silicon
substrates (h100i-orientation and 625 mm thickness; Silchem, Freiberg,
Germany) were prepared according to the protocol by Seul and Sammon
(32). The silicon wafers were cut to a size of 10  15 mm2 and cleaned by
subsequent sonication in methanol (puriss.) and ultrapure water. The silicon
surface was rendered hydrophilic in an oxygen plasma cleaner for ~30 s and
150 mL lipid solution were spread onto the surface. The solvent was allowed
to evaporate very slowly to prevent film rupture. To extract the remaining
solvent, the samples were exposed to medium vacuum for at least 12 h.
The filmswere then hydrated for a few hours in a saturatedwater vapor atmo-
sphere at 40C and cooled down to room temperature for measurements.
Sample environment
During the x-ray experiments, the samples were kept in a humidity-
controlled chamber with polypropylene windows. A detailed description
of the operating mode is given in Aeffner et al. (16). In short, the RH inside
the sample chamber is regulated by two controllable streams of dry and
humid nitrogen. The RH and the temperature in the sample chamber are
measured by an RH/T sensor (DriesenþKern, Bad Bramstedt, Germany)
and the signal is processed to a proportional-integral-derivative control
circuit, which adapts the flow rates of the two nitrogen streams. Setpoints
in the range of RH ¼ 1095% can be reached in a few minutes and are
stable within DRH ¼ 0.1%. Note that the absolute sensor accuracy as spec-
ified by the supplier is DRH ¼ 2%, but they were individually calibrated
against saturated salt solutions using tabulated values.
X-ray experiments
Grazing-incidence diffraction experiments were carried out at the beamline
ID 01 at the European Synchrotron Radiation Facility (Grenoble, France),and at the surface diffraction end-station of the Materials Science beamline
(X04SA) at the Swiss Light Source at the Paul Scherrer Institute (Villigen,
Switzerland). At both measurement stations, the samples were mounted
with the sample surface horizontally.
The undulator beam at the ID 01 was monochromatized by a Si(111)
double-crystal monochromator to a photon energy of 17 keV corresponding
to a wavelength of l ¼ 0.7293 A˚. The beam was further collimated by a set
of slits to a size of 500  100 mm2 (horizontal  vertical), which yielded
a primary beam intensity of ~1  1010 photons/s. A charge-coupled device
camera (Princeton Instruments, Trenton, NJ) with a resolution of 1300 
1340 pixels and a pixel size of 49  48 mm2 was mounted at a sample-
to-detector distance of 1565 3 mm to record diffraction patterns including
the wide-angle diffraction signal with one exposure. The incidence angle of
the primary beam on the sample was 0.60, 0.36, and 0.30 for DPhPC,
DOPC, and DOPC/Chol (80:20), respectively. For each RH, 20–30 diffrac-
tion patterns with an acquisition time of 10–20 s were taken. To reduce
effects of radiation damage, the sample was translated laterally after one
set of images at a certain RH was taken. Due to small deviations of the
sample surface from horizontal orientation, the sample height was read-
justed after lateral translations, which unfortunately led to small changes
in the sample-to-detector distance and had to be taken into account for
the error analysis of the q positions of the acyl-chain correlation peak.
At the Materials Science beamline, the wiggler beam was monochromat-
ized by a Si(111) double-crystal monochromator to a photon energy of
19.5 keV (l ¼ 0.6358 A˚) and collimated to a size of 100  50 mm2
(horizontal  vertical). These settings yielded a primary beam intensity
of 2  1010 photons/s. A Pilatus II detector with a resolution of 487 
195 pixels and a pixel size of 172  172 mm2 was mounted at a sample-to-
detector distance of 1148.005 25 mm. Due to the large sample-to-detector
distance and the small active area of the detector, recording a complete
diffraction pattern, including the wide-angle signal, would have required
~24 different detector positions. Therefore only measurements of the chain
correlation peak close to the qk and qz axis were performed. Lateral sample
translation after each exposure was possible without significant variation in
scattering geometry. Two different samples were used to record the two
different regions in reciprocal space, and for each dataset the small-angle
scattering signal was recorded as well to determine the phase boundaries
and to assure the consistency of both samples. The incidence angle was
selected in a range of 0.15–0.20 depending on optimum signal/background
conditions for each sample. The acquisition time was 30 s per exposure.Data reduction
The raw data were corrected for dark current (using a Princeton charge-
coupled device camera) and pixel sensitivity (using Pilatus), and dead or
hot pixels were masked. Additionally, the images taken at the Materials
Science beamlinewere composed to one diffraction pattern and 3 3 pixels
were binned to one pixel to reduce the noise in the data. A polarization
correction with the polarization factor P ¼ cos2 j was performed (33)
and for images taken at ID 01, both halves of the diffraction pattern were
averaged. All images were transformed to (qk, qz) coordinates using
qx ¼ 2p
l

cos af cos j cos ai

; (1)
2p  
qy ¼
l
cos af sin j ; (2)
2p  
qz ¼
l
sin af þ sin ai ; (3)
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 2
q
qk ¼ qx þ qy ; (4)Biophysical Journal 102(9) 2121–2129
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gridding of the intensity was done using the ‘‘imtransform’’ function of
MATLAB (version 7.5.0, The MathWorks, Natick, MA) resulting in
diffraction patterns as shown in Fig. 1, b–d, and Fig. 2 a. Note that the
accessible reciprocal space is restricted due to the scattering geometry
with a fixed angle of incidence. In particular, scattering on and close to the
qz axis is only partially observable (compare in the Supporting Material).
The phase boundaries depending on the RH were determined from the
characteristic small-angle diffraction patterns. Stepwise scanning from
high to low relative humidities, the first appearance of off-axis diffraction
peaks corresponding to a rhombohedral lattice, was used as an criterion
of the phase transition. Fig. 1, b–d, shows examples of three diffraction
patterns in the pure La, R, and HII phases, respectively. Regions with phase
coexistence of La and R phase were determined from a splitting of the
diffraction peaks on the qz axis, corresponding to two different lattice spac-
ings in both phases.
The intensity distribution in the chain correlation peak was extracted
along radial sections at different angles f to the qk-axis, as indicated by
black lines in the diffraction pattern of DPhPC at RH ¼ 75% in Fig. 2 a,
resulting in a series of curves shown in Fig. 2 b. To estimate the error of
the intensity profiles, the standard deviation of five adjacent intensity
profiles with Df ¼ 0.2 centered around each azimuthal angle was calcu-
lated. Each intensity profile was fitted with a Lorentzian function with
linear background
f ðqÞ ¼ I0 u
2
ðq q0Þ2þu2
þ mqþ b; (5)a b
c d
FIGURE 2 Diffraction patterns were analyzed by extracting the intensity
distribution in the chain correlation peak along radial sections at different
angles f to the qk-axis. The positions (here with Df ¼ 5) are marked by
black lines in panel a and the corresponding series of intensity profile
from f ¼ 10 to f ¼ 90 are shown in panel b. (c) Each radial intensity
profile was fitted with a Lorentzian function with linear background to
determine the peak position q0, the peak width 2u, and the maximum
peak intensity I0 above the background. (d) The maximum peak intensity
in steps of Df ¼ 1 was fitted with a Gaussian function with constant back-
ground, and the half-width at half-maximum uf was taken as an estimate of
the azimuthal width of the correlation peak. The data shown in this figure
were taken at ID 01 on a sample of DPhPC at RH ¼ 75%.
Biophysical Journal 102(9) 2121–2129with u being the half-width at half-maximum, q0 the peak center, I0 the
maximum of the Lorentzian above the linear offset,m the slope of the linear
background, and b the constant offset. Fig. 2 c shows an example of the
fitted Lorentzian function (solid line) along with the data points for the
extracted intensity profile at f ¼ 20. Intensity profiles at small angles
(f < 10 for DPhPC and f < 5 for DOPC and DOPC/Chol (80:20))
were discarded, because the chain correlation peak is partially blocked by
the silicon substrate. Intensity profiles at large angles were discarded,
because the chain correlation peak overlaps with tails of Bragg reflections
and further, for ~f > 85, the region of the reciprocal space is not observ-
able due to the scattering geometry and the intensity is interpolated in this
region (compare in the Supporting Material).
Assuming a Lorentzian structure factor and small peak width compared
to the center position (u/q0  1), the radial distribution function of the
acyl-chains can be approximated by (28,31)
gðrÞ ¼ 1þ I0u
r0
ﬃﬃﬃﬃﬃﬃ
q0
2p
r
eurﬃﬃ
r
p

cos

q0r  p
4

þ u
2q0
cos

q0r þ p
4

þ O

u2
q20
	

: (6)
From the exponential decay in Eq. 6, we can define the correlation length x
of the acyl-chains as
x ¼ 1
u
: (7)
The oscillatory behavior of the radial distribution function further allows us
to define the average chain-chain distance a as the first maximum of g(r),
yielding (28,31)
ax
9p
4q0
 3u
2q20
: (8)
To estimate the width of the acyl-chain correlation peak in azimuthal direc-
tion, the maximum peak intensities I (f) in the lamellar and rhombohedral0
phase were fitted with a Gaussian function with constant background
hðfÞ ¼ IG0 exp

 f
2
2s2
	
þ c (9)
with IG0 being the maximum of the Gaussian function, s the variance,and c the constant background. The half-width at half-maximum uf of
the Gaussian function was used to quantify the azimuthal width of the chain
correlation peak. Fig. 2 d shows the maximum peak intensities (open
circles) and the fitted Gaussian function (solid line) for DPhPC at RH ¼
75%. Note that this procedure could be performed only on the ID 01
data, because only for these datasets was the complete chain correlation
peak recorded.RESULTS AND DISCUSSION
Fig. 1, b–d, shows the diffraction patterns of DPhPC in the
lamellar, rhombohedral, and inverted hexagonal phase
together with sketches of the corresponding lipid arrange-
ments. The characteristic diffraction patterns in the small-
angle region allow for a precise phase determination. The
intensity distribution in the acyl-chain correlation peak
located on a circular arc atz1.3 A˚1 shows striking differ-
ences in the three lipid phases. Whereas in the La phase the
peak is comparatively narrow in the azimuthal direction,
it broadens in the R phase. In the HII, the intensity is
Acyl-Chain Correlation in Membrane Fusion Intermediates 2125distributed nearly uniformly over a circular arc. The absence
of sharp peaks in the wide-angle region in the R and HII
phases indicates that the acyl-chains are fluid and exhibit
no long-range order, even though the monolayers are
arranged on a regular lattice. Note that the intense reflection
at ~qk ¼ 1.6 A˚1, qz¼ 1.2 A˚1 is due to the silicon substrate
and not the sample.
Fig. 3, a–c, shows the maximum peak intensity I0, the
average chain-chain distance a, and the correlation lengtha
b
c
FIGURE 3 (a) Normalized maximum peak intensity I0, (b) normalized
interchain-spacing, and (c) acyl-chain correlation length are plotted against
the azimuthal angle f for DPhPC at different relative humidities measured
at the ID 01. (The data-point symbols are colored according to the lipid
phases: red for La phase, green for La/R phase coexistence, blue for
R phase, and pink for HII phase.) For the data points at f ¼ 80, the error
bars obtained from the fit are plotted exemplarily.x in DPhPC obtained from Lorentzian fits of the radial inten-
sity profiles plotted versus the azimuthal angle f for
different relative humidities. Only data taken at ID 01 are
shown here, because only for these datasets was the full
azimuthal range of the chain correlation peak recorded.
For better comparability, I0 and a are normalized to the
values at f ¼ 10. The datapoint symbols in Fig. 3 are
colored according to the lipid phases: red for pure La phase,
green for coexistence of La and R phase, blue for pure R
phase, and pink for pure HII phase.
In the transition region from the La to the R phase, the
dependencies of the three parameters I0, a, and x on the
azimuthal angle show drastic changes with the RH, whereas
they are nearly identical at different RHs within the same
phase. Therefore we can monitor changes in bilayer struc-
ture during the phase transition, in particular regarding the
acyl-chains’ conformation, by analyzing these parameters
of the acyl-chain correlation peak. Note, however, that these
changes in the transition region may be explained simply by
the population of phase components. Further, because the
lipid multilayers are highly oriented parallel to the substrate,
we use the intensity distribution with respect to the
azimuthal angle as an estimate for the distribution of the
acyl-chain’s tilt angle in lipid stalks.
This is a heuristic approach, which, however, has been
validated by comparison to molecular dynamics simulations
(35). Taking this into account, the rapid decay of the
maximum peak intensity with the azimuthal angle in the
pure La phase corresponds to acyl-chains aligned, on
average, parallel to the bilayer normal exhibiting small fluc-
tuations. With decreasing RH, I0 shows a strong increase at
higher azimuthal angles in the phase transition region from
the La to the R phase, corresponding to a rearrangement of
the acyl-chains during the phase transition resulting in
a larger amount of tilted chains. In the HII phase, the
maximum peak intensity is nearly constant, which corre-
sponds to an isotropic distribution of the acyl-chain’s tilt
angle. As shown previously for membranes of 1,2-Dimyris-
toyl-sn -glycero-3-phosphatidylcholine, the maximum peak
intensities I(f) from experiment and molecular dynamics
simulation are in very good agreement (35), showing the
potential for a comparison to molecular dynamics simula-
tions of fusing membranes.
The average chain-chain distance in the La phase is nearly
constant for small azimuthal angles up tofz 30 and decays
continuously with increasing tilt angle for larger f. The
maximum decrease of the average chain-chain distance is
only ~5%. In the R phase, a first shows a slight increase up
to fz 30, and decreases for higher angles. In theHII phase,
the average chain-chain distance increases slightly for small
azimuthal angles up to fz 30, and it decreases for larger
angles to the value at f ¼ 10. The fact, that the average
chain-chain-distance in theHII is not perfectly constantmight
be attributed to the presence of defects resulting from restric-
tions at the lipid-vapor and lipid-substrate boundary.Biophysical Journal 102(9) 2121–2129
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FIGURE 4 Correlation length x determined at three different azimuthal
angles plotted against the relative humidity for (a) DPhPC, (b) DOPC,
and (c) DOPC/Chol (80:20). ‘‘The dashed and dotted lines indicate the
phase boundaries determined from the data taken at the ID 01 and the
Materials Science beamline, respectively.’’ The error bars obtained from
the fit are omitted for clarity.
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phase, corresponding to a high correlation of the acyl-chains
in lateral direction and only low correlation of tilted and
fluctuating chains. Compared to the La phase, the correla-
tion length in the R phase decreases for small azimuthal
angles f < 30, and it increases for larger azimuthal angles.
This is an indication that chains are not only tilted due to
random fluctuations in the R phase, but exhibit a short-range
order in the highly curved regions of the stalks. Parallel to
the substrate, the correlation length decreases, possibly
because the available space for each chain in lateral direc-
tion might increase due to stalk formation. In the HII phase,
the correlation length is approximately constant over the
whole azimuthal region.
DOPC and DOPC/Chol (80:20) display similar diffrac-
tion patterns and dependencies of x, a, and I0 on f
(data not shown here), except for not exhibiting a HII
phase at low RHs. A diffraction pattern of DOPC in the R
phase at RH ¼ 30% is shown in Fig. S2 in the Supporting
Material.
In Fig. 4 the correlation lengths at three different
azimuthal angles (10, 45, and 90) are plotted versus the
RH for DPhPC, DOPC, and DOPC/Chol (80:20). Here,
data taken at the ID 01 as well as data taken at the Materials
Science beamline are shown. The dashed and dotted lines
indicate the phase boundaries determined for the data taken
at the ID 01 and at the Materials Science beamline, respec-
tively. The data taken at two different instruments and the
determined phase boundaries are in very good agreement.
Note that phase coexistence of La and R phase occurs
only in DPhPC, but not in DOPC or DOPC/Chol (80:20).
In DPhPC, the correlation length is constant in pure phases
and changes strongly in the region of phase coexistence
between La and the R phase. In this region, the correlation
length decreases for f ¼ 10 and increases for f ¼ 45
and 80. In contrast to this behavior, in DOPC and DOPC/
Chol (80:20) changes in the correlation lengths can be
observed before the phase transition occurs.
Fig. 5 shows the average chain-chain distance in the three
different lipid model systems in dependence upon the RH at
two azimuthal angles (f ¼ 10 and f ¼ 80). At f ¼ 10,
the average chain-chain distance is nearly independent of
the RH; at f ¼ 80, it increases with decreasing RH. In
DOPC and DOPC/Chol (80:20), the decrease of the average
chain-chain distance starts before the phase transition
occurs. In the pure R phase, the chain-chain distance of
the highly tilted chains is smaller than for the straight
chains. This observation is in line with recent findings that
the stalk’s neck diameter was found to be larger than the
bilayer thickness, approximately by a constant factor of
1.2 for a series of investigated lipids (including the ones
studied here) (15). Therefore, we conclude that horizontally
oriented acyl-chains assume a more stretched conformation
in the stalk, leading to a closer packing in the stalk
compared to the bilayer.Biophysical Journal 102(9) 2121–2129Fig. 6 shows the azimuthal width of the chain correlation
peak at all relative humidities measured at ID 01. In DPhPC,
the width increases drastically in the La/R phase coexistence
region, corresponding to a strong increase in the average tilt
angle. In DOPC and DOPC/Chol (80:20), the broadening
occurs more continuously, starting well above the phase
transition to the R phase. The consistent changes in the
FIGURE 5 Average chain-chaindistances forDOPC,DOPC/Chol (80:20),
and DPhPC are shown in dependence of the relative humidity at two
different azimuthal angles f ¼ 10 and f ¼ 80. ‘‘Dash-dotted, dotted, and
dashed lines indicate the phase boundaries in DOPC, DOPC/Chol (80:20),
and DPhPC, respectively.’’ All data points were taken at the Materials
Science beamline. The error bars obtained from the fit are omitted for clarity.
a
b
FIGURE 6 Azimuthal width of the chain correlation peak plotted against
the relative humidity for (a) DPhPC and (b) DOPC and DOPC/Chol
(80:20). The dashed lines in panel a and the dashed and dash-dotted lines
in panel b indicate the phase boundaries in DPhPC, DOPC, and DOPC/
Chol (80:20), respectively. The error bars correspond to the errors obtained
from the fit. The shown data were taken at ID 01.
Acyl-Chain Correlation in Membrane Fusion Intermediates 2127correlation length, the average chain-chain distance, and the
azimuthal width of the chain correlation peak in DOPC and
DOPC/Chol (80:20) before the La-to-R phase transition
might indicate the appearance of transient stalks that do
not crystallize on a regular lattice. This interpretation is in
line with the observed continuous changes in the lineshape
of the diffuse Bragg sheets (related to reflections on the
qz axis). Notably, additional diffuse scattering around
positions of out-of-plane reflections in the rhombohedral
diffraction pattern was observed in DOPC (15) and may
be attributed to transient stalks with no long-range order.
It is also interesting to note that in the lamellar phase the
azimuthal width of the chain correlation peak is much more
narrow in DOPC/Chol (80:20) than in pure DOPC, underlin-
ing the well-known effect of cholesterol to enhance the
conformational order of the acyl-chains in lipid membranes
(36–39).
Based on the behavior at the La-to-R phase transition, we
categorize the lipids or lipid-mixtures in two different
groups. DPhPC, representing the first group, shows a region
of La/R phase coexistence, in which drastic changes of the
average chain-chain distance, the correlation length, and
the azimuthal width of the correlation peak occur. The
second group of lipids, including DOPC and DOPC/Chol
(80:20), is characterized by continuous changes of a, x,
and uf at the La-to-R phase transition. These changes start
before the phase transition, defined as the first appearance of
off-axis diffraction peaks corresponding to a rhombohedral
lattice, actually occurs. Additionally, in these lipid systems
diffuse scattering around positions of out-of-plane reflec-
tions in the rhombohedral diffraction pattern was observed
before the phase transition. We hypothesize that this diffusescattering may arise from isolated stalks that occur tran-
siently already in the L phase before crystallization in the
R phase takes place upon further reduction in RH.SUMMARY
We have studied the acyl-chain packing in the stalk phase of
three lipid membrane model systems. Notwithstanding the
long-range transitional ordering of stalks with rhombohe-
dral symmetry, the acyl-chains are in a fluid state, which
allows the acyl-chains to locally fill the space of the hydro-
phobic volume within the stalk. Diffraction from highly
oriented membranes has enabled the structural analysis
with the quantified parameters of the fluid acyl-chains as
a function of orientation angle. At the phase transition
from the lamellar to the rhombohedral phase, a significant
reorganization of the acyl-chains occurs resulting in an
increased amount of tilted chains, in proportion to the
volume fraction of stalks.
The correlation length of highly tilted acyl-chains
increases at the La-to-R phase transition reflecting the
short-range order of tilted chains in the stalk. Horizontally
oriented acyl-chains in the neck of the stalk exhibit a shorterBiophysical Journal 102(9) 2121–2129
2128 Weinhausen et al.interchain distance, as shown by the analysis of the average
chain-chain distance at different azimuthal angles in the
diffraction pattern. This is explained by a stretching of the
horizontally oriented chains and agrees well with the obser-
vation that the neck diameter is larger than the bilayer
thickness by roughly a factor of 1.2. Continuous changes
in the correlation length, the average chain-chain distance,
and the azimuthal width of the chain correlation peak are
observed as a function of RH above the La-to-R phase
transition in DOPC and DOPC/Chol (80:20). This can be
attributed to the formation of transient stalks that are not
crystallized on a regular lattice. In the next step, the data
presented here should be compared to atomistic or coarse-
grained molecular dynamics simulations, following the
approach presented in Hub et al. (35), by direct calculation
of diffraction patterns based on the molecular dynamics
coordinates.
Studying the equilibrium phase diagram and structure of
model membranes, one must tacitly adopt a point of view in
which the chains react to the hydration-controlled bilayer
topology. The optimized sharing of water molecules in
curved nonlamellar bilayer states drives the transition to
the stalk phase, while the free energy of the stalk is reduced
via the collective conformational degrees of freedom in the
chain liquid. A correspondence to biological fusion is estab-
lished by replacing the (global) dehydration by osmotic
pressure with the local forces of fusiogenic proteins such
as the SNARE complex forcing opposing bilayers together.
In biological fusion, one could also adopt an opposite
point of view, where perturbations of the chain fluid, e.g.,
induced by protein insertion, force chains to reorient or
change conformation, which in turn would induce positive
curvature and promote fusion. In other words, the chain
tilt and conformation would not be the response of the
changed curvature states but, on the contrary, changes in
tilt and conformation of chains would induce corresponding
changes in curvature. A case in point is the protein synapto-
tagmin. As a major protein of synaptic vesicles, it is
believed to mediate the Ca2þ-dependent interaction between
vesicles and the presynaptic membrane (40). Ca2þ binding
has been proposed to promote the so-called C2B domain
of the protein to insert into the hydrophobic interior of the
membrane (41–43), inducing a region of high positive
curvature and strain, which may promote the fusion process
(44–46). Measuring the tilt distribution in lipid model bila-
yers with added fusiogenic polypeptides would therefore be
an interesting extension of this work.SUPPORTING MATERIAL
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